We report the discovery of an unidentified, extended source of very-high-energy (VHE) gamma-ray emission, VER J2019+407, within the radio shell of the supernova remnant SNR G78.2+2.1, using 21.4 hours of data taken by the VERITAS gammaray observatory in 2009. These data confirm the preliminary indications of gammaray emission previously seen in a two-year (2007)(2008)(2009)) blind survey of the Cygnus region by VERITAS. VER J2019+407, which is detected at a post-trials significance of 7.5 standard deviations in the 2009 data, is localized to the northwestern rim of the remnant in a region of enhanced radio and X-ray emission. It has an intrinsic extent of 0.23 • ± 0.03 • stat +0.04 • −0.02 • sys and its spectrum is well-characterized by a differential power law (dN/dE = N 0 × (E/TeV) −Γ ) with a photon index of Γ = 2.37 ± 0.14 stat ± 0.20 sys and a flux normalization of N 0 = 1.5 ± 0.2 stat ± 0.4 sys × 10 −12 ph TeV −1 cm −2 s −1 . This yields an integral flux of 5.2 ± 0.8 stat ± 1.4 sys × 10 −12 ph cm −2 s −1 above 320 GeV, corresponding to 3.7% of the Crab Nebula flux. We consider the relationship of the TeV gamma-ray emission with the GeV gamma-ray emission seen from SNR G78.2+2.1 as well as that seen from a nearby cocoon of freshly accelerated cosmic rays. Multiple scenarios are considered as possible origins for the TeV gamma-ray emission, including hadronic particle acceleration at the supernova remnant shock.
Introduction
The stereoscopic imaging atmospheric Cherenkov telescope array VERITAS completed a twoyear survey of the Cygnus region of the Galactic Plane in very high energy (VHE) gamma rays (Weinstein et al. 2009 ). The survey covered the area between Galactic longitudes 67 • and 82 • and Galactic latitudes −1 • and 4 • , a region chosen because it contains both a high density of material and a significant population of potential VHE gamma-ray emitters, including a number of pulsar wind nebulae (PWNe) and supernova remnants (SNRs). As acceleration of either electrons or nuclei above 1 TeV within these stellar remnants can also generate gamma-ray emission, detection of gamma rays from these objects may provide insight into the nature of both the acceleration process within the remnant and the nature of the accelerated population of particles (Blandford & Eichler 1987; Ellison & Reynolds 1991; Drury et al. 1994; Ellison et al. 2007 ). Relativistic electrons can produce gamma rays via both non-thermal bremsstrahlung and inverse-Compton (IC) scattering off nearby optical, IR, or microwave photons. Protons and heavier atomic nuclei generate gamma rays via the decay of neutral pions produced by their interaction with interstellar material. Identifying gamma-ray emission from SNRs that is produced by pion decay could provide insight into the origin of Galactic cosmic rays, by providing evidence that SNRs are sites of hadronic cosmic ray acceleration within the Galaxy.
While the initial survey yielded no clear source detections, the blind search suggested possible VHE gamma-ray emission at several locations, most notably in the vicinity of the SNR G78.2+2.1 (γ-Cygni). SNR G78.2+2.1 is a ∼ 1 • diameter supernova remnant (SNR) ∼ 1.7 kpc distant, with a shell-like radio and X-ray structure (Higgs et al. 1977; Lozinskaya et al. 2000) . It is considered young to middle-aged at ∼ 7000 years (Higgs et al. 1977; Landecker et al. 1980; Lozinskaya et al. 2000) and in an early phase of adiabatic expansion into a medium of fairly low density (Lozinskaya et al. 2000) . Gosachinskij (2001) also identifies a slowly expanding H i shell immediately surrounding the radio shell. Lozinskaya et al. (2000) suggest this shell was created by the progenitor stellar wind.
Most of the radio and X-ray emission lies in distinct northern and southern features (Zhang et al. 1997; Uchiyama et al. 2002) . The northern region is characterized by enhanced thermal X-ray emission, suggestive of shocked gas (Uchiyama et al. 2002) , as well as strong optical emission with sulfur lines (Mavromatakis 2003) . However, it evinces little to no CO emission (Ladouceur & Pineault 2008) . The gamma-ray satellite Fermi sees diffuse gamma-ray emission above 10 GeV from the entire remnant (Lande et al. 2012 ) and has discovered a gamma-ray pulsar, PSR J2021+4026, at the center of the remnant (Abdo et al. 2010a,b) . This pulsar, which has a spectral cutoff of 3.0 GeV, also has a low luminosity (1.1× 10 35 erg s −1 ) and a spin-down age (76.8 kyr) much greater than the estimated age of SNR G78.2+2.1. Trepl et al. (2010) argue, however, that PSR J2021+4026 was likely born with something close to its current spin period, in which case its spin-down age is not indicative of its actual age. It therefore remains plausible that PSR J2021+4026 is the remnant of SNR G78.2+2.1's progenitor star (Trepl et al. 2010) . Except where otherwise noted, all GeV and TeV sources are considered to be at a distance of 1.7 kpc, the estimated distance of SNR G78.2+2.1 (Higgs et al. 1977; Lozinskaya et al. 2000) .
Subsequent to the completion of the VERITAS Cygnus region survey, follow-up observations were taken of the VHE gamma-ray source candidate near SNR G78.2+2.1. Based on those further observations, we report here the discovery of an extended, unidentified source of VHE gamma rays that lies within an area of enhanced radio emission along the northwestern shell of SNR G78.2+2.1. The observational details are described in §2; the analysis and results are presented in §3 and §4, respectively. We discuss the nature of the TeV gamma-ray emission in §5.
Observations
The VERITAS Observatory consists of an array of four imaging atmospheric Cherenkov telescopes, located at the Fred Lawrence Whipple Observatory in southern Arizona (Holder et al. 2008) . Each telescope is equipped with a 3.5 • field-of-view (FOV), 499-pixel photomultiplier tube camera. The array is run in a coincident mode, requiring a minimum of two out of four telescopes to trigger in order for an event to be recorded. Data included in this paper were taken with an upgraded array configuration that has improved sensitivity and gamma-ray point-spread function (PSF) (Perkins et al. 2009) relative to that used during the Cygnus region survey. This configuration has ∼ 15 − 25% energy resolution between 100 GeV and 30 TeV and a 5σ (standard deviation above background) point source sensitivity of 1% of the Crab Nebula flux above 300 GeV in less than 30 hours of observation at zenith angles less than 30 • .
The observations under discussion were motivated by, but do not include, data from the VER-ITAS Cygnus region survey (Weinstein et al. 2009 ). The initial two-year survey covered the area of the remnant with an effective exposure time of ∼ 30 hours and showed evidence of an extended gamma-ray excess. The approximate location of the survey excess was re-observed with a set of dedicated pointings during September-November of 2009, for a total live-time of 18.6 hours. These observations were performed in "wobble" mode, with the center of the VERITAS field-of-view offset by 0.6 • from the target position (RA 20 h 19 m 48 s , Dec +40 • 54 ′ 00 ′′ ). The zenith angle was restricted to 10 • − 30 • for these observations. Approximately 10% of the data were taken at a time when three out of the four VERITAS telescopes were operational; the remaining 90% was taken with the full array.
Analysis
Images from these data are calibrated according to the standard procedure described in Cogan et al. (2007) and cleaned using the procedure described in Daniel et al. (2007) . After calibration, the primary photon direction is calculated via stereoscopic reconstruction based on the intersection of image primary axes. To ensure that the primary photon direction and energy can be well-reconstructed, an initial event selection is applied, requiring that events have three images passing the following criteria: more than four pixels per image, an image centroid no more than 1.43 • from the camera center, and a total integrated charge per image of at least 70 photoelectrons.
Calibrated images are described in terms of a second-moment parameterization (Hillas 1985) . Cosmic-ray background is rejected using selection criteria applied to two composite parameters based on these moments: mean-scaled length (MSL) and mean-scaled width (MSW) (Aharonian et al. 1997) . We impose the requirements 0.05 < MSL < 1.25 and 0.05 < MSW < 1.10; in addition, we require the angle between the reconstructed gamma-ray arrival direction and the source position to be less than 0.23 • . The chosen background-rejection criteria are optimized for moderate-strength (∼ 5% of the Crab nebula flux) extended sources. Together with the image quality requirements they impose an energy threshold for this measurement of 320 GeV.
To minimize the number of independent search elements, our search is restricted to a predefined circular region with radius 0.25 • centered on the target position. In the imaging analysis and source morphology studies the ring background model (Aharonian et al. 2005 ) is used to estimate the residual cosmic ray background; the reflected-region model (Aharonian et al. 2001 ) is used when extracting the spectrum. We also excluded from the background estimation circular regions with radius 0.3 • around four bright stars in the FOV (γ Cygni, P Cygni, 40 Cygni, and HIP100069) as well as two overlapping circular 0.4 • -radius regions used to approximate the profile of the excess seen in the VERITAS survey data (Weinstein et al. 2009 (Weinstein et al. , 2011 . All results reported here have been verified by an independent calibration and analysis chain.
Results
Figure 1 displays the background-subtracted, acceptance-corrected TeV image of the region of SNR G78.2+2.1. A clear signal with 319 ± 39 net counts is detected at the location of the northern rim of the remnant. This signal is significant at the 7.5σ level after accounting for all test points in the pre-defined 0.25 • search region. Figure 1 also shows the locations of the gamma-ray pulsar PSR J2021+4026 (1FGL J2021.5+4026), ∼ 0.5 • from VER J2019+407 at the center of the SNR, and the centroid of the emission from the remnant seen by Fermi above 10 GeV.
The morphology of VER J2019+407 is derived from a binned extended maximum-likelihood fit to the counts map before background subtraction. The cosmic ray component is modeled as an exposure-modulated flat background and the source by a symmetric two-dimensional Gaussian convolved with the VERITAS point spread function (PSF) (68% containment radius of 0.09 • , derived from an identically processed observation of the Crab Nebula). We find a fitted extension of 0.23
The fitted centroid coordinates are RA 20 h 20 m 04.8 s , Dec +40 • 45 ′ 36 ′′ (J2000); however, we maintain the identifier VER J2019+407 for the source, which was originally assigned on the basis of a preliminary centroid estimation. The statistical uncertainty in this location is 0.03 • , with a combined systematic uncertainty in the position, due to the telescope pointing error and systematic errors of the fit itself, of 0.018 • . Figure 2 shows the spectrum derived from the reconstructed gamma-ray events within 0.24 • from the center of the search region; runs where only three of four telescopes were operational have been excluded from this sample. The threshold for the spectral analysis is 320 GeV and the energy resolution is 15% at 1 TeV. The photon spectrum is fit well (χ 2 /d.o.f = 8.76/6 ) by a differential power law in energy, dN/dE = N 0 × (E/TeV) −Γ , between 320 GeV and 10 TeV, with a photon index of 2.37 ± 0.14 stat ± 0.20 sys and a flux normalization at 1 TeV of N 0 = 1.5 ± 0.2 stat ± 0.4 sys × 10 −12 ph TeV −1 cm −2 s −1 . The integral flux above 320 GeV (5.2 ± 0.8 stat ± 1.4 sys × 10 −12 ph cm −2 s −1 ) corresponds to 3.7% of the Crab Nebula flux above that energy. No other significant TeV source is found in the maps. 
X-Ray Observations
Figure 3 presents an exposure-corrected ROSAT PSPC 1 − 2 keV image of SNR G78.2+2.1 generated from archival data (see Brazier et al. (1996) for observational details). The TeV gammaray emission overlaps a region of enhanced X-ray emission coincident with the bright radio arcs associated with the northern rim of the SNR shell. As the highly absorbing column to the remnant screens out most source photons below ∼ 1 keV, we excluded all photons below this energy to suppress background. Several bright X-ray sources are associated with known stars and have been identified in previous work, but none of these overlap the VHE gamma-ray-emitting region (Becker et al. 2004; Weisskopf et al. 2006 ).
To better study the enhanced X-ray emission overlapping the TeV contours, we also re-analyzed the data from ASCA Sequence #25010000 previously studied by Uchiyama et al. (2002) . Figure 4 shows the 0.7 − 3.0 keV exposure-corrected X-ray map, generated by co-adding data from the two gas imaging spectrometers. The image is consistent with that seen by ROSAT. We extracted source and background spectra from the two 12 ′ × 24 ′ elliptical regions displayed in Figure 4 and generated count-weighted response files appropriate for diffuse emission. The source region, centered on coordinates RA 20 h 20 m 17 s , Dec +40 • 45 ′ 41 ′′ (J2000) and oriented with position angle 60 • , contains the bulk of the X-ray emission located within the VERITAS contours. The background ellipse, centered at RA 20 h 19 m 38 s , Dec +40 • 27 ′ 02 ′′ (J2000) with position angle 130 • , is placed where the X-ray emission is evidently at background level in the ROSAT image. The source spectrum was grouped with a minimum of 20 counts per channel and fitted in the 0.7 − 3.0 keV range using the XSPEC software package. The spectra are evidently soft with few net counts above ∼ 3 keV after background subtraction. A significant line feature is found at 1.9 keV; we do not, however, find any evidence for the strong Ne line feature at ≃ 0.9 keV reported by Uchiyama et al. (2002) .
We modeled the X-ray spectrum using an absorbed Raymond-Smith thermal plasma model (see Fig. 5 ). This provides an adequate fit with χ 2 /DoF = 40.8/44. The best-fitted temperature is kT = 0.57 ± 0.14 keV. Si is overabundant by a factor of 2.0 +1.8 −1.2 relative to solar. The column density is N H = (3.7 ± 2.0) × 10 21 cm −2 and the normalization is N = 1.8 × 10 −3 cm −5 . The absorption-corrected flux for this model is found to be 6.0 × 10 −12 erg cm −2 s −1 in the 0.5−8.0 keV band. We also considered that the plasma behind a shock expanding in a low-density medium might not have had time to reach ionization equilibrium given the assumed SNR lifetime, in which case the spectrum would be better modeled by a non-equilibrium ionization model. We attempted to fit the ASCA spectrum with an absorbed non-equilibrium ionization (NEI) model, the "vgnei" model of XSPEC, but were unable to obtain good constraints on the fitted parameters.
We also attempted to constrain the flux of any possible power-law component in the spectrum by adding a power-law with photon index fixed to 2.0 and then varying the power-law normalization until the χ 2 increased by 2.7 (90% confidence level) relative to the best fitted model with no power-law component. We place an upper limit on the flux of a power-law component of 1.9 × We note that our result differs significantly from that given in Uchiyama et al. (2002) . While we have chosen a source region similar to their "R1" source region, we find that our fits to the ASCA spectrum require neither an additional power-law component nor a large Ne IX line feature. The discrepancy seems to be caused by the choice of background region. We selected a background region that was as close as possible to the source, in order to account for the large variance in the Galactic emission in this part of the plane. Uchiyama et al. (2002) considered four nearby ASCA pointings and chose the one with the least source contamination, ∼ 3.5 • from the center of the "R1" region. A choice of background region similar to Uchiyama's allows us to reproduce the previously-reported nonthermal component and spectral features.
Discussion
We have discovered a spatially extended source of VHE gamma-ray emission, VER J2019+407, located on the northwest rim of the shell-type supernova remnant SNR G78.2+2.1. The TeV gamma-ray emission is coincident with the leading edge of a prominent arc-shaped radio continuum feature along the SNR rim ( Fig. 1) and with a region of enhanced X-ray emission that we identify as thermal in origin (Figs. 3, 4 , and 5). VER J2019+407 lies near the inner edge of a slowly expanding H i shell immediately surrounding the radio shell identified in 21 cm line observations (Gosachinskij 2001) ; it also lies near a region of bright [S ii] optical line emission within the SNR that is identified as shock-heated gas based on the [S ii]/Hα line ratio (Mavromatakis 2003) . There are also two GeV sources associated with SNR G78.2+2.1. One is a pulsar, 1FGL J2021.5+4026, located at the center of the remnant (Abdo et al. 2010a,b) . The other is an extended source candidate reported above 10 GeV by Fermi (Lande et al. 2012) . A point source co-located with VER J2019+407 was previously reported in the first and second Fermi catalogs but Lande et al. (2012) conclude that it was an artifact of failing to model the extended source above 10 GeV rather than a separate source. Between G78.2+2.1 and the Cyg OB2 association (roughly 2.4 • away) lies a 50 parsec-wide area of 1-100 GeV gamma-ray emission, detected by Fermi , that has been interpreted as a cocoon of freshly-accelerated cosmic rays (Ackermann et al. 2011 ).
The TeV gamma-ray emission and the features observed in the X-ray, optical, and radio continuum can be most simply related to the presence of shocks at the interaction of the supernova ejecta and the surrounding medium. SNR G78.2+2.1 has a relatively low interior density and, as previously noted, appears to be surrounded by a dense H i shell (Gosachinskij 2001) . Lozinskaya et al. (2000) suggest this H i shell was created by the progenitor stellar wind as it swept up the ambient medium. The interaction of the supernova shock with the H i shell might drive a shock into the dense shell and a reflected shock back into the cavity. Emission arising from these shocks would then account for the observed [S ii] lines, enhanced thermal X-rays, and strong radio continuum emission near VER J2019+407.
Shocks can produce TeV gamma-ray emission via either inverse-Compton scattering of accelerated electrons or hadronic interactions of accelerated nuclei. High-energy electrons capable of producing TeV photons via inverse-Compton scattering should also produce X-ray synchrotron radiation detectable as a non-thermal power-law in the X-ray spectrum. While our analysis of the ASCA X-ray spectrum shows no evidence for a non-thermal component, the upper limit on this component is not yet strong enough to rule out inverse-Compton scattering as the source of the TeV, if not the GeV, gamma-ray emission. Deeper X-ray observations of VER J2019+407 should provide better constraints.
The flux of TeV photons from hadronic processes depends on the energy available for shock acceleration and the density of the target material. One of the prerequisites of this scenario is that the necessary density of target material, as inferred from the gamma-ray flux, be consistent with that estimated from measurements at other wavelengths. Equation 9 in Drury et al. (1994) gives (on the assumption that the spectrum of the charged particles is a power law with index of −2) the expected gamma-ray flux above a given threshold energy as a function of the threshold energy E, the fraction θ of the SN kinetic energy E SN converted to cosmic rays, the distance d of the SNR, and the density n of the target material,
For E = 320 GeV, d = 1.7 kpc, θ ∼ 0.1 as expected for a remnant in the early Sedov phase, and assuming E SN = 10 51 erg, which is consistent with estimates derived from optical data (Mavromatakis 2003) , we find that a density of 0.5 cm −3 is required to produce the observed TeV flux. However, this equation is for the total flux integrated over the whole spherical shell of a SNR. The gamma-ray emission from VER J2019+407 is confined to a relatively small portion of the SNR shell. Thus, it is likely that only a fraction of the SN blast wave participates in the shock acceleration producing the TeV gamma-ray emission. Assuming an isotropic explosion, we account for this by scaling E SN by the ratio of the surface area covered by VER J2019+407 to the total surface area of the remnant. Using the fitted 95% (68%) containment radius of the TeV gamma-ray emission gives a correction factor of 0.5 (0.14). Once uncertainties in the source extension, integral flux, and SNR distance are also taken into account, the average density required to produce the observed TeV flux above 320 GeV increases to 1.0 − 5.5 cm −3 .
within a plausible range of temperatures, imply post-shock densities on the order of a few 100 cm −3 . Mavromatakis infers these densities to be arising behind a radiative shock and estimates a primary shock velocity of ∼ 750 km/s, consistent with that inferred from an X-ray temperature of 0.57 keV. He deduces pre-shock cloud densities on the order of ∼ 20 cm −3 , which are not unreasonable given the average densities inferred here from the gamma-ray flux. The shock velocities inferred from the optical and X-ray data, however, are too low for the forward shock to accelerate particles to TeV energies at the present time. Any hadronic TeV gamma-ray emission would have to arise from particles accelerated during an earlier epoch that are only now interacting with the shell.
The limited angular extent of the TeV gamma-ray emission also raises questions. If we view the SN blastwave as expanding in the low-density bubble blown by the progenitor stellar wind until it reaches the much higher-density cavity wall, why should the interaction favor one portion of the cavity wall over the others? Asymmetries in the shock propagation, variations in the density of the cavity wall, or the former presence of a cloud (now evaporated by the shock) within the low density region could provide an explanation, as could the strength and orientation of the ambient magnetic field relative to the local shock velocity (Ellison et al. 2007) . Given the more symmetric and diffuse GeV gamma-ray emission seen from the remnant, asymmetric diffusion of accelerated particles out of the remnant might also play a role, as the highest-energy particles would be the first to escape. However, at this stage there is no clear evidence for or against any of these possibilities.
In these scenarios, SNR G78.2+2.1 could be responsible for some or all of the freshly-accelerated cosmic rays within the cocoon detected by Fermi . However, the results shown here cannot be used to draw strong conclusions about the cocoon's relationship to SNR G78.2+2.1 or to set a meaningful upper limit on cocoon emission above 300 GeV. The cocoon contours from Ackermann et al. (2011) were derived from an analysis where 1FGL J2020.0+4049, which is no longer considered an independent source, was included as part of the background model. Since this would artificially reduce the intensity of the GeV gamma-ray emission seen near VER J2019+407, the Ackermann et al. (2011) contours provide a spatial reference only and should not be used to judge the relationship of the cocoon to VER J2019+407. Moreover, gamma-ray emission on the scale of the cocoon (roughly four square degrees) cannot be detected with VERITAS using the ring-background estimation method, which will cause the source to self-subtract. Analysis techniques better adapted to highly extended sources, combined with further data taken in alternative observation modes, will be required to confirm the presence or absence of cocoon emission and make a definitive statement about SNR G78.2+2.1's role in feeding the cocoon. VER J2019+407 bears some similarity to other well known TeV sources. H.E.S.S. observations of the shell-type SNR RCW 86 have revealed the presence of VHE gamma rays suggestive of a shell-type morphology (Aharonian et al. 2009 ). Berezhko et al. (2009) have explained the TeV gamma-ray emission from RX J0852.0-4622 as arising from hadronic emission in a wind-bubble scenario, similar in many aspects to the scenario proposed here.
Other explanations of VER J2019+407 are also possible. Nearly half of Galactic TeV sources are identified with pulsar wind nebulae (PWNe). TeV PWNe are typically extended sources energized by electrons accelerated in the pulsar wind. Because the lifetimes of the electrons can be long, the electrons can diffuse over large distances from the pulsar and the centroid of the TeV gamma-ray emission is often offset from the pulsar (Hessels et al. 2008) . On the one hand, the luminosity of VER J2019+407 in the 1−10 TeV band-2.5 × 10 33 erg s −1 assuming a distance of 1.7 kpc-is 2% of the spin-down power of PSR J2021+4026, a value within the range seen for PWNe. On the other, Hessels et al. (2008) examined the offsets between TeV gamma-ray emission and pulsar location for 21 TeV sources, and the pulsar, while offset from the centroid of the TeV gamma-ray emission, generally lies well within the angular extent of the TeV source. In the single case for which the angular offset is significantly larger than the angular size of the TeV source-PSR J1702-4128/HESS J1702-420-inspection of the TeV image shows TeV emission at the pulsar location (Aharonian et al. 2008) . By contrast, the offset between PSR J2021+4026 and VER J2019+407 is several times larger than the angular size of VER J2019+407, and we detect no TeV gamma-ray emission either at the location of PSR J2021+4026 or in the intervening region between PSR J2021+4026 and the TeV source.
Finally, it is possible that VER J2019+407 is the PWN of an unknown pulsar in the line-ofsight toward SNR G78.2+2.1. This scenario could explain the GeV and radio continuum emission, but would ascribe the location of VER J2019+407 near the [S ii] line emission and the enhanced thermal X-ray emission within SNR G78.2+2.1 to chance superposition. Such a scenario cannot be excluded at the current time, but could be tested by a sensitive search for the PWN in the X-ray band and also by radio or X-ray searches for the putative pulsar.
In summary, we have detected gamma-ray emission from a region of enhanced radio, optical line, and X-ray emission in the northwestern shell of SNR G78.2+2.1. The extended TeV source overlaps with GeV gamma-ray emission from the remnant but is notably offset from the gammaray pulsar PSR J2021+4026 which lies outside the 99% confidence contour of VER J2019+407. It seems most probable that VER J2019+407 arises from particles (either hadronic or leptonic) accelerated within the SNR shock, although we cannot yet rule out the possibility of a line-of-sight coincidence between the remnant and an un-associated pulsar wind nebula. Deeper high energy observations are needed to better constrain possible emission models.
